IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

9923

Analysis and Compensation of the System Time
Delay in an MMC System

Chuyang Wang —, Lan Xiao

Abstract—The system time delay (STD) is typically neglected
in the design of a modular multilevel converter system. However,
the STD can cause different types of deteriorations, including a
decrease in system stability, a weakening of the steady-state per-
formance, and a deceleration of the transient response when the
load changes. This study first provides the generation mechanism
and classification of the system time delay. Then, a linear model
is developed to form the basis of the analysis for the system time
delay. Subsequently, an analytical method is used to provide an
accurate description of the relation between the STD and corre-
sponding deteriorations. Based on the analysis, the optimal design
methods of the system controller parameters are proposed to ef-
fectively mitigate these deteriorations. Finally, the deteriorations
caused by the STD and efficiency of the optimal design methods
are demonstrated via experiments.

Index Terms—Modular multilevel converter, optimal design
methods, steady-state performance, system stability, system time
delay, transient response.

1. INTRODUCTION

HE modular multilevel converter (MMC) changes alter-
T nating voltage into direct voltage or vice versa, and has
been widely used in the fields of high-voltage direct current
transmission (HVDC), active power filter, static var generators,
etc. To ensure the stable operation of the MMC system, linear
models of MMC systems have been presented in [1]-[5], and
the corresponding control strategies have been developed in [6].
However, when variables in the primary circuit, such as the arm
currents and alternating voltages, are required in the control
system, the system time delay (STD) exists, leading to an inac-
curacy in the linear model, a decrease in the reliability of the
control strategy and deteriorations in the system performance
for an MMC system.

Currently, the effect of the STD is rarely considered in MMC
systems; however, it has been considered in two-level converters
in several publications [7]. The authors in [8]-[13] considered
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the STD and determined that it could decrease system stabil-
ity; however, the studies did not provide an applicable method
to increase the stability. The authors in [14]-[20] used a con-
troller based on a predictive current observer to compensate for
the STD; however, the observers were sensitive to variations in
the parameters, which might cause additional estimation or pre-
diction errors and were not applicable for MMC systems. The
authors in [21]-[24] decreased the STD using a high-speed dig-
ital chip and compacting control codes; however, this method
could not substantially decrease the STD effect. The authors in
[25]-[30] used state equations to determine the system’s next
state to decrease the STD; however, the MMC is a complex
system and its state equations are difficult to obtain. A method
based on a Smith predictor was proposed to compensate for the
STD in [31], but the predictor was difficult to construct because
it was based on a complex analogue circuit. Wang et al. [32]
artificially increased the value of the STD to improve the sys-
tem stability, but was only applicable for a two-level converter
with an LCL filter. Chen et al. [33] introduces a lead-lag net-
work into the control system to compensate for the STD. How-
ever, the parameters in the lead-lag network are complex to be
determined.

These previous studies demonstrate that the STD decreases
the system performance and should thus be considered and com-
pensated for in the MMC system. Furthermore, the MMC system
analyzed in this paper has a relatively low number of submod-
ules, and thus uses the modulation method of carrier phase-shift
pulse-width modulation (CPS-PWM) to generate switch drives.
The main contributions of this paper in comparison with the
previous works are summarized below.

First, few previous studies have considered the STD in MMC
systems. This paper studies the generation mechanism of the
STD in such systems and deduces the corresponding effects,
providing the theoretical basis of STD compensation methods.

Second, this paper establishes a simplified linear model of
MMC systems to quantitatively determine the effects of the
STDs, which include a decrease in the system stability, a reduc-
tion in the system steady-state performance, and an aggravation
in the system transient response.

Third, based on the analysis of the STD effects, this pa-
per proposes optimal design methods of the system controller
parameters to mitigate the deteriorations caused by the STD,
which greatly improves the system working performance and
are applicable to most MMC systems.

The remainder of this paper is organized as follows:
Section II presents the generation mechanism and classifica-

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Primary topology of a single-phase MMC system.

tion of STDs in MMC systems. Section III establishes a linear
model for MMC systems, and presents a quantitative analysis
of the STD effects on the system. Section IV proposes opti-
mal design methods to improve the system performance and
to mitigate the deteriorations caused by the STD. Experimental
results are used to confirm the theoretical analysis and design
methods in Section VI, and concluding remarks are provided in
Section VII.

II. GENERATION MECHANISM AND CLASSIFICATION OF
THE STD

The STD in MMC systems is primarily generated by the
sampling circuit, analog—digital (AD) conversion, calculation
process in the digital signal processor (DSP) and pulse width
modulation (PWM) process in field programmable gate array
(FPGA), making the digital variables in the control system dif-
ferent from the analogue variables in the primary circuit. To
provide a simplified analysis of the STD effect on an MMC sys-
tem, this paper considers a single-phase MMC system instead
of a three-phase one, with the primary topology of the system
shown in Fig. 1.

In Fig. 1, u, and w,, are the upper and lower arm voltages,
respectively. 4, and 4,, are the upper and lower arm currents,
respectively. ug is the alternating voltage, i, is the alternating
current, L is the inductor, and Ny, is the submodule number in
each arm. The system works as an inverter, and its direct voltage
Uy, is set to a constant value. The submodule’s simplest topol-
ogy is a half bridge, where C'is the submodule capacitor, and .Sy
and Sy are the up and down switches, respectively. Therefore,
the submodule has two types of operating modes: the inserted
mode, where 57 is on and S5 is off, and the bypassed mode,
where 57 is off and S5 is on. Losses and other parasitic param-
eters are neglected in the analysis. The fundamental frequency
of us and i, is fj, which is typically set to 50 Hz. The switch-
ing frequency is f, and the corresponding switching period is
T. The sampling and control frequencies are both f;,, and the
corresponding period is 7§,. The MMC in this study uses CPS-
PWM method as its modulation strategy. f;, is typically set as
equal to or double the value of f,, which is similar to that in a
two-level converter.

Based on the characteristic of the MMC topology and corre-
sponding variables in the primary circuit, three types of STDs
are present in the control system, namely, the STD related to the
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Fig. 2. Generation mechanism of the STD-AC in the control system.

capacitor voltages u,., the STDs related to the ac variables ¢, ¢,
and ug (STD-AC) and the STD related to Uy.. This paper fo-
cuses the studies on the STD-AC, and the generation mechanism
of the STD-AC is shown in Fig. 2.

In Fig. 2, the STD-AC contains four components:

1) Sampling delay, which is primarily generated by the hard-
ware in the system, including the voltage and current sen-
sors, filters with resistors and capacitors, and the opera-
tional amplifiers in the sampling circuits. However, this
delay is typically smaller than 0.02 ms and can thus be
neglected in the MMC system.

2) One-sampling period delay, which is generated by the
signal processing in the DSP (STD-DSP) with a corre-
sponding value of Tstp.psp. Tstp-psp 1S the same in i), 4,
and us because they have similar generation mechanisms.

3) Communication delay, which is generated by the trans-
mission process of the modulation waves (STD-COM)
with a corresponding value of Tstp.com. An overall sys-
tem uses a 16-bit or 32-bit asynchronous bus to trans-
mit the modulation waves from the DSP to the FPGA in
the main control, and then generates the switch drives.
Therefore, the communication delay is small. However, a
distributed system in certain applications uses SPI, CAN,
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Ethercat, or other communication protocols to transmit
the modulation waves from the DSP in the main control
to the submodules, making Tstp.com greater than 0.2 ms.
In such situations, Tstp.com cannot be neglected in the
STD-AC.

4) PWM delay, which is generated by the PWM process in
the FPGA (STD-PWM) with a corresponding value of
TSTD-PWM-

Furthermore, the quantitative relations between Ty, T5,,
Tstp-ac; Tstp-pSPs Tstp-com, and Tstp_pwwm are shown in Fig. 3,
where the sampling process of the arm current is used as an
example.

In Fig. 3, two methods are used in the sampling process:
the symmetry regular sampling (SRS) method and asymmetry
regular sampling (ARS) method. In the SRS mode, the arm
currents are sampled once but the modulation wave is com-
pared with the carrier wave twice during one switching period.
In the ARS mode, the arm currents are sampled twice and the
modulation wave is compared with the carrier wave twice as
well during one switching period. Based on these two sam-
pling methods, actual arm current 1 is sampled at time #; to
obtain sampling arm current 2 in the DSP. Modulation wave
3 is then determined at time t,, and the corresponding value
4 is subsequently updated in the FPGA at time ¢3. The modu-
lation wave is eventually compared with carrier waves to gen-
erate the switch drives at time ?4. The times from ¢, to to,
from ty to t3, from t3 to t4, and from ¢; to t, are defined as
Tstp-psps ITstp-coms Tstp-pwMm, and Tstp.ac, respectively, and
the corresponding values of Tstp.psp, 7sTp-PWM; 1STD-CcOM, and
Tstp-ac that were determined based on Fig. 3 are shown in Ta-
ble I, where 7 is a coefficient with values ranging from O to 1.
According to Table I, Tstp.ac is smaller than 0.1 ms in a two-
level converter because 7T, is smaller than 0.1 ms and Tstp-com
is very small. Therefore, Tstp.ac has a relative small effect on
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TABLE 1
VALUES OF Tstp-psp, stp-PWM> AND TSTD-AC
Tstp-psp TsTD-PWM Tstp-com Tstp-ac
SRS mode 7T} 0.57 Overall: Neglected (n+0.5)Ts
Distributed: > 02ms  (n+ 0.5)T +
Tstp-com
ARS mode 0.5n7s  0.257% Overall: Neglected (0.5n7 4 0.25)T's

Distributed: = 0.2ms (0.5n7 + 0.25)T's +
Tstp-com

its performance. However, f; can reach to a low value in the
MMC system, and the corresponding 7srp-ac can have a greater
value (0.5 ms or more) at the same time, causing the system per-
formance to deteriorate considerably. Thus, the effects of the
STD-AC on the MMC system are extremely important, and are
thus quantitatively analyzed below.

III. EFFECTS OF THE STD-AC ON THE MMC SYSTEM

A. Establishment of the System Linear Model Under the
Effects of the STD-AC

To enable a precise analysis of the STD-AC effects on the
MMC system, the linear model of a single-phase MMC system
should be developed. Based on the topology in Fig. 1, the state
equations of the MMC system are as follows:

di Uj.
Nows ae
Us Zi;ll Ei,puc,i?p {'Ldif — 2
di, Uj.
— Nsuyp . . Won de
s Ei:l ez,nuc1,n+L dt = 9 (1)

where €, ,, and ¢;,, are the states of S; of the submodules in
the upper and lower arms, respectively, i, and 1, are the
capacitor voltages of the submodules in the upper and lower
arms, respectively, and i is the circulating current. Equation
(1) is redefined as (2) because 7, and i, are the variables that
must be directly controlled

dis
LE + 2ug = —upy + Uy
Naub Ngup
= - (Zi;ll Eiplcip — Zizl} 6L7L“CL7L>
: 2
d2i,
L dl; = Udce — (up + Un) = Uqc
Neub Nsub
- (Zi:&l EipUcipt D iy 51'41“0141)

€ip and &;, make certain variables in (2) contain high-
frequency components; thus, an average state-space method
should be used to omit these components, and (2) can be
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redefined as (3) at low frequencies

Ll o
dt + <us>T§ = _<up>T5 + <Un>Ts

== (ZIN:RI) <‘9tpucifp>r§ - Zf\ii‘h <5LnuciJz>Ts)

d2(iz)r
LT = Use — ((y, >Tx + <un>TS)
- Udc - (27]\:\‘1”’ (52 puLl p> + E sub <5i,nuci,n>T‘€)

3)

However, (3) is difficult to analyse because the items in (3)

include numerous variables, causing the system to be ultra-high
order. Therefore, three assumptions are provided to simplify (3):

1) The MMC works as an inverter, and Uy is approximately
constant.

2) The capacitor voltages u,. of the different submodules in
the upper arm are set to the same variables, which con-
tains dc bias Uq. /N1, and alternating component ~ U,
Alternatively, the capacitor voltages u, of the different
submodules in the lower arm are set to the same variables
as well, which contains dc bias Uy, /Nsyup, and alternating
component ~ Upy,.

3) <&y >1s:< 2 >Ts -+ < ENsubp >Ts are set to the
same variables such that they can be represented by
the same item < s, >7s. Alternatively, < ey, >,
< €94 >Ts -+ < ENsubn >Ts can be represented by
< Sp >Ts-

Based on these assumptions, the average arm voltages

< u, >r1s and < u,, >4 can be redefined as

ZZ

Nup
(up)y, = 22521 (Epitiepily,

% Z sub <€Pi>TQ

Udc i
( Nsub * UCP)

Udc o
~ <N b + Ucp) sub <SP>T (Udc + ]Vsub ljcp)<sp>Ts

= Zf\;ﬂih <5m',u(’,,ni>Ts ~ (Ud(‘ + N%ubU(n>< n>Tﬁ
4)
Therefore, (3) can be redefined as (5) when the small and
large signals in (3) are separated

(un) T,

d ~ ~ ~ ~
La(ls +ZS)+2(US +'LALS):_(Udc +NsubUcp)(Sp +§p)

+(Udc + Nsub Ucn)(gn + §n)

d - A - -
L£2(IZ +’iz) =Uq. — (Udc + NsubUCp)(Sp + §p)

_<UdC + Nsub Ucn)(gn + §n)
(5)
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where I, 1., U,, 0Cp, and Uy, are the large signals. Based on
(5), the large and small signal equations can be both determined.

dI; L
dt *(Udc + MubUcp)Sp
+(Uvdc + N@ub Ucn)gn
d(2I, o
L (dt ) —Uge = _(Udc + NsubUcp)Sp
_(Udc + Nsub Ucn)gn
dzs . S A
Ldi _2us - (Udc + NsubUcp)Sp
(Udc + NsubUcn)§n = 'LALI (6)
d(2i.) R
L dt = *(Udc + NqubUcp)Sp
*(Udc + ]Vsub Ucn)§n - 2112

where 4, and 5 are new variables that are linearly related to the
small signals of 75 and 7., respectively. Thus, 75 and ¢, can be
directly controlled when #; and 245 are defined as the controller
outputs. Furthermore, (7) can be obtained based on (6):

1 ~ dI 1 ~

c Nsu ~c S, = = c L— S Yde — Us
(Ud + bU p)Sp 2Ud U dt 2Ud U
- 1 ~ di, 1 ~
de Nqu cn n — 5 C s Li ~z c s
(Ude + NaubUen ) S, 2Ud + U, 7 2Ud + U,
~ 1 21
(Ud(: + NsubUCp)ép = _a.s - w
N N . @)
- —2
(Udc + NsubUcn)én = fLS + %

Because only < u, > and < u,, >4 can be used as mod-
ulation waves to generate the switch drives but 4, and s
do not have the same characteristics, the relations between
Uy, Us, < up >7s, and < u, > should be determined, which
can be described as (8) based on (4) and (7)

<uP>T (Ude + NbubUcp)<5p> = (Ve + Nsubﬁcp)gp
- 1 w1 + 24
+(Udc + NsubUCp) Sp 2UdL - <uS>T — 9 2

<U7L>TS - (UdL + NsubULn)<5 >T - (Udc + NbubULn)Sn

ul — 2UQ

2
®)

Therefore, the control strategy of a single-phase MMC system
is shown in Fig. 4 based on (8).

In Fig. 4, proportional-integral (PI) controllers are used in the
system, including an outer loop controller for u, an inner loop
controller for ¢, and a circulating current controller for ¢,. The
references of the inner loop, outer loop and circulating current

1
7U(1C + <u5>Ts +

+(Udc + Nsubﬁcn)én ~ 2
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Fig. 4. Control strategy of the MMC system.
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loop i _ref, us_ror and I, 1op, respectively, can be obtained as

Ud c

Ug rof = sin(wot)

Passive mode : max((us)y - (is)p cos)

2—[216 =
! Udc

Grid-connected mode :

/P2 L 02
s rof = \/§U7+Q sin (

wpt + arctan g)

2P
QIZICf = W

9

where cos is the power factor, M is the modulation ratio, P and
(@ are the active and reactive power of the system, respectively.
The outer loop is not present when the MMC operates as a
grid-connected inverter, and i .t is directly determined by (9).
Conversely, the references 75 _,..¢ of the inner loop is determined
by the outer loop controller when the MMC operates as a passive
inverter. In addition, the sampled and PWM processes, which
are marked in red boxes, are introduced into the system, and the
corresponding STD are considered as well. The sampling gains
of the voltages and currents are both set to one to simplify the
analysis.

Furthermore, by using a Laplace transformation in the small
signal equations of (6), the transfer function G (s) from u (s)

Linear model of the MMC system considering the effects of the STD-AC.

to is(s) and G (s) from us(s) to i, (s) can be obtained as

(6) = is(s) :i
st() ul(s) s w0
i) 1
Giz (3) = uy(s)  sL

The outer loop controller G, (s), the inner loop controller
G (s) and the circulating current controller G, (s) are described
as

GU(S) =Kp, +K],u/5
Gs(s) = Kpis + Kris/s .
GZ(S) = Kp, +K1J'Z/8

(11)

The STD-DSP and STD-PWM are both present in the MMC
system and should be considered in the linear model, whose
transfer function can be described as

GSTD-DSP(S) = eXp(—TSTD-DSPS) (12)
Gstp-pwm(s) = exp(—Tstp-pwms)

Therefore, the linear model considering the effects of the
STD-AC in the system is shown in Fig. 5.

Based on Fig. 5, the open-loop transfer functions of the inner
loop Giy(s), circulating current loop Gi,,(s) and outer loop
Gout () can be described as (13) when the controller parameters
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of G4(s) and G, (s) are the same.
Gin(5) = Gin(s) = Gs(5)Gstp-PwMm(5)Gis(8)
K e Tstp-acs
XGsTp— s) = (Kpis+ —
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G = —
Out(s) LSS +3(KPJ'SS + KI,iS)eiTSTDiACS
RLe*TSTD—AC s
1+ R;.CLs

Significantly, G,y (s) is not present in the grid-connected
mode but is present in the passive mode.

B. Effect of the STD-AC on the System Stability

Based on (13), Gj; (s) and G, (s) have the same expression.
Therefore, the system characteristics of the inner loop and cir-
culating current loop can be studied at the same time. To quanti-
tatively analyse the characteristics, a Bode diagram of G}, (s) is
required, as are the corresponding parameters Tstp.ac, L, Kp i,
and K7, in Gj,(s). Subsequently, Tstp.ac are assumed to be
1.5, 0.75, and 0.3 ms, respectively, and the corresponding f
values are 1, 2, and 5 kHz (7 is set to 1 based on Table I), re-
spectively, when the overall system operates in the SRS mode.
Additionally, L is set to 3.6 mH.

Furthermore, the system characteristics primarily contain
three components. The first is the transient response when a
load, voltage, or current changes, necessitating that the cutoff
frequency f.in of Gi,(s) have an adequate value. The second
is the steady-state performance, including the steady-state er-
ror of the alternating current and the suppression ability of the
circulating current, necessitating a sufficient magnitude of the
magnitude—frequency characteristics of Gj, (s). The third is the
system stability, necessitating a sufficient phase in the phase—
frequency characteristics of Gi, (s), because the system will be
unstable if the phase is smaller than —180° at f. ;,. Therefore,
the corresponding f. iy, K, is, and K i are set to 500 Hz, 11,
and 1100, respectively. The corresponding Bode diagram of
Gin(s), which includes the magnitude—frequency and phase—
frequency characteristics for different Tstp_ac values, is shown
in Fig. 6.

In Fig. 6, f.i, remains at 500 Hz with variations in f;. The
phase is approximately —90° at 500 Hz when the STD-AC is
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not present in the system, indicating that the system is stable.
However, the phase has a significant decrease and reaches —160°
at f._iy when Tyrp_ac is 0.3 ms. Furthermore, the phase is smaller
than —180° when Tsp.ac is 1.5 ms and 0.75 ms, indicating that
the system is unstable. Therefore, the phase of Gi,(s) at f.in
decreases rapidly with decreases in f; and increases in Tstp_ac-
The MMC system is even unstable when f; decreases to a low
value and the corresponding Tstp_ac reaches to a great value.
Consequently, the STD-AC has a significant effect on the system
stability, and cannot be neglected in MMC systems.

C. Effect of the STD-AC on the Transient Response and
Steady-State Performance

Furthermore, to provide a more intuitive description of the
decrease in stability, the phase margin 7, of Gi,(s) can be
approximated as (14) based on (13) when 7 is set to 1

Yin <~ 900 - 3600TSTD—ACfn,in
fc,in
Is

fc,in
fs

90° (1 -6 ) < 90°, in the SRS mode

90° (1 -3 ) < 90°, inthe ARS mode

(14)

In (14), v, is always smaller than 90°, indicating that the
STD-AC inevitably decreases the system stability regardless of
the Tstp.ac value. A group of curves based on (14) is used to
describe the degree to which ;,, decreases with increases in the
ratio of f., and f;, Giy(s) in Fig. 7.

In Fig. 7, i, decreases rapidly with increases in fein / fs-Yin
can be greater than 30° and satisfy the smallest phase margin
that the system stability requires when f.;,/fs is smaller than
1/9 in the SRS mode and smaller than 2/9 in the ARS mode.
Conversely, v, is smaller than zero when f, i, / f5 is greater than
1/6 in the SRS mode and greater than 1/3 in the ARS mode,
making the system unstable. Therefore, ~i, and f.;,/fs are
negatively correlated, and f,. ;, should be decreased to a proper
value of f; such that +;,, reaches a value at which the system can
be stable. Consequently, the system transient response is slower
with decreases in f. ;, under the effect of the STD-AC.

Subsequently, to describe the steady-state performance of the
system with decreases in f. i, , a new Bode diagram is shown in
Fig. 8 for f.;, decreasing from 500 to 200 and 100 Hz, and the
corresponding i, simultaneously increases from —45° to 33°
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Fig.8. Bode diagram of G, (s) with variations in the cutoff frequency f._iy,.

and 51°, respectively. In addition, Tgrp_ac is set to 0.75 ms, and
the corresponding f; is 2 kHz.

In Fig. 8, the phase-frequency characteristics of Giy(s) re-
main the same while the magnitude-frequency characteristics
are varied. f., initially decreases from 500 to 200 Hz and the
corresponding 7y, increases from —45° to 33°, satisfying the
demands of the system stability. However, the magnitudes of
Gin(s) at fy and 2f, decrease from 13.7 to 6.0 dB and from
19.8 to 12.2 dB, respectively. The magnitudes of Gy, (s) at fj
and 2 f, have greater decreases when f. ;, decreases to 100 Hz.

Furthermore, the difference between the alternating current
14 and its reference ¢, _or can be defined as the steady-state error
eis(wot), and the difference between the circulating current 7.
and its reference I, ..+ can be defined as the steady-state error
ei»(2wot). eis(wot) and e;, (2wot) can be described as (15) based
on Fig. 5:

62'5(W()t) = fsref — Is
‘ 1 » , 1
= | 1 f | W T L (o)
1+ Gm(s) s=jwo s 0 1+ Gin(s) o= j
B S=Jwo
1 . ; 1
N Lsxef |Wol — | 53
|Gin(s)\szm s-re 0 Gin () o
=Jwo
€iz (QOJQt) =L vef — 1z
‘ ! iz [2wot !
S — L0 |2Wol— |7~ 78
14+ Gin(s) 5= j2w z 1+ Gin (5) s=2wo
-1 1
N iz0 2wot — | 5—=
1Gin (8)] 5= jowy ’ Gin(s) s=j2w0
(15)

where 7.0 (2wot) is the alternating component of initial circu-
lating current. Based on (15), the amplitudes of e;,(wyt) and
ei» (2wot) are inversely proportional to the magnitudes of Gy, (s)
at fy and 2 f, respectively. Thus, decreases in the magnitudes
in Gj, (s) can directly lead to increases in the steady-state er-
rors of the alternating current and circulating current. Because
suppression of the circulating current is to limit 7, to I, ,¢f, the
increase of e;, (2wyt) demonstrates that the ability to suppress
the circulating current is simultaneously weaken.
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The above analysis demonstrates that STD-AC can lead to
a significant phase decrease in the inner loop and circulating
current loop, which greatly reduces the system stability. Thus,
the effects of the STD-AC should be rigorously considered in the
design of the MMC system controller parameters. Furthermore,
to ensure the system stability under the STD-AC effects, the
cutoff frequency f., cannot be set to an applicable value, and
thus cannot satisfy the demands of the system transient response
and steady-state performance.

IV. OPTIMAL DESIGN METHOD UNDER THE STD-AC EFFECTS

Based on the analysis above, the STD-AC decreases the sta-
bility, steady-state performance and transient response of the
MMC system. Therefore, this paper proposes an optimal design
method of the sampling frequency f;, and controller parameters
to decrease the effects of the STD-AC. Because Tstp.ac has dif-
ferent values in the overall system and distributed system based
on Table I, the optimal design method includes two components,
as detailed below.

A. Optimal Design Method in the Overall System

The cutoff frequency f,. ., is the most significant parameter
of the system because it is closely related to the stability, steady-
state performance and transient response of the system based on
the analysis in Section III. Therefore, f. i, should be determined
first.

Theoretically, the alternating voltage u; and alternating cur-
rent i, can be transformed from ac variables into dc variables
in a three-phase MMC system. Because the dc variables have a
lower rate of change compared to the ac variables, the system
with a PI controller has a good steady-state performance and
transient response of the dc variables even if f,;, is set to a
low value. However, many ac harmonics are present in the al-
ternating voltage and current, thus decreasing the effect of the
dc controlling method. In addition, the three-phase unbalanced
phenomenon can also reduce the control effect. Therefore, a
method that controls the ac variables directly has been widely
used. However, this method requires a higher f, ;, of the system
to follow the change rate of the ac variables.

fein 18 typically set to 1/10 the value of f; in a two-level
converter to avoid the STD effects. However, f, can decrease
to 500 Hz or lower in the MMC system, and f,;, can corre-
spondingly decrease to 100 Hz or lower when f, ;, is still set to
1/10 the value of f;. Such a low f.;, cannot satisfy the system
steady-state performance and transient response. Zhao [35] con-
sidered that f, ;, could set to Ng,1, /10 the value of f;. However,
this method makes f, ;,, linearly related to Ny}, and causes f. i,
to be overly high or low when Ng,;, changes, which is also not
applicable. This paper considers that f.;, should be related to
the fundamental frequency of the controlled objects, such as i
and i, rather than to f; and Ny,},. Furthermore, a proper value
of f.in should satisfy three demands. The first is to satisfy the
speed of the transient response, requiring that f.;, be at least
ten times greater than the fundamental frequency f; of is. The
second is that the amplitude of the steady error e;, (wyt) should
be smaller than 5% of the reference is_.f, requiring that f, ;,
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Fig. 9. Value ranges of K p 5 and K s under three demands.

is set such that the magnitude of G}, (s) at fy is greater than 20
based on (15). The third is to suppress the circulating current 7
and make the amplitude of e;, (2wyt) smaller than 10% of I, .,
requiring that f.;, is set such that the magnitude of Gy, (s) at
2fy is greater than 10 based on (15). These demands can be
quantitatively described as

1| Epi®+ \/(_KP4'52>2 +4L2 Ky °
fc,ln - % 2L2
KPJ'S
NS T 2 10fo Demand 1
KIJS KPJ&.
|Gin (8)‘S:Ju}0 = 2 (2 fo)
(27 fo)" L KIJS
> 20 Demand 2
Kljs KPJb
|Gin (5)‘5:]‘2&;0 = 2 7 (2 27Tf0)
(2 . 27Tf0) L K]Jq
> 10 Demand 3
(16)

Based on (16), Kp ;s and K7 ;5 have value ranges rather than
being equal to specific values. Therefore, the functional image
shown in Fig. 9 is used to describe the value ranges of Kp s
and K7 ;s under the three demands.

In Fig. 9, K s can be set to any value that is greater than
zero to satisfy the system demands when K, ;5 is greater than
407 L fy. Therefore, to simplify the selection of the controller
parameters, the values of f.,, Kpis, Kjis, Kpi,, and Ky,
can be obtained as

f(:,in 2 20f0a KP,is - KP,iZ ~ 27TLf(:,in 2 407TLfO

100K p 4
Kris=Kii,=
100K p s/ fsa in a discrete system

in a continuous system .

(17)
The minimum of +;,, should also be greater than 30°, which
can be described in (18) based on (14) and Table 1.

Yin ~ 90° — 360°Tsrp-AC fein

=90° — 360°(0.5 + 1) Tsa foin > 30°. (18)
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TABLE II
RECOMMENDED MINIMUM VALUES OF fg, FOR DIFFERENT f

fs (kHz) 025 05 1 2 3 4 5

foakHzyp=02) 45 45 5 6 6 8 5
fou (kHz, n = 1) 95 95 10 10 12 12 10

Multiple Sampling Method

A |<_,| Tstp-ac
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—Tstorwn 20
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Fig. 10. Quantitative relations between T, T§a, Tstp-psp, Tstp-com. and
Tstp-pwmM in the multiple-sampling method.

Therefore, the minimum of the sampling frequency f;, can
be solved as

foa =

The 7 can be set to 1 to satisfy the worst possible case.
However, using an asynchronous bus to transfer the modulation
waves and optimizing the control algorithm in an overall system
allows 7 to be approximately 0.2 or smaller. Furthermore, the
value of f, is best set to an integer times the value of f to avoid
voltage and current distortions. Therefore, the recommended
minimum values of fs, when f; and f.;, are equal to 50 Hz
and 1 kHz, respectively, are shown in Table II.

Because f;, is greater than f, in Table II, a multiple-sampling
method [34] that was used in dc—dc converters is introduced into
the MMC system to directly increase f;, and decrease Tsrp.ac,
as shown in Fig. 10.

(3 +6n)fcjn- (19)

sa

B. Optimal Design Method in the Distributed System

Tstp.com 1s substantial in a distributed system, thus making
Tstp-ac increase and limiting the value of f, ;,, which can be
described as (20) based on (18)

1 1
< .
3+ 6n)Ts, + 6Tstp.com  6TstD-COM
Based on (20) and Table I, f.;, should be set to a value that

is always smaller than 1/6Tstp.com regardless of the value of
fsa. Furthermore, (20) can be defined as the fourth demand of

f(:jn < ( (20)
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Fig. 11.  Value ranges of Kp j5 and K ;5 under the four demands.

fen in a distributed MMC system. The value ranges of Kp s
and K7 ;5 under the four demands are shown in Fig. 11.

In Fig. 11, Kp ;s and K7 js can have the applicable values
in cycle 1 to satisfy the four demands when Tgrp_ac is smaller
than 1/60 fy. However, Kp ;s and K7 ;s cannot satisfy the first
demand that f, ;,, should be greater than 10 fy when Tsrp.com 1S
greater than 1/60 fj, and thus cannot have the applicable values
in cycle 1. Therefore, the first demand have to be eliminated
even if the speed of the system transient response is decreased,
and consequently K p ;s and K7 ;s can have the applicable values
in cycle 2.

C. Optimal Design Method in the Outer Loop

In certain applications, the MMC operates in a passive mode,
and the alternating voltage must be controlled. Therefore, K, ,
and K, in the outer loop transfer function Gy e, (s) must be
designed and can be approximated by

KR (frs +1)

1+ R.CLs s(KLPSH eSTD-ACs 4 1)

Gout (5) ~

Kr, (Kp_, .
CLI:92 ( KI;_'U s+ 1> in an empty load
T KR (Ko
Krafy (Ls + 1) in a full load
S K]_u

1)

where f._out is the cutoff frequency of Gy te, (), Which reaches
its highest point under an empty load and decreases to its mini-
mum value under a full load. Ry, is the equivalent load resistor.
However, a proper value of f. . should still satisfy all three de-
mands. The first is to satisfy the speed of the transient response
in Gouter (3) when the load changes. However, f. o, should be
slower than the speed of Giy, (8), requiring that f, o+ be smaller
than ten times the value of f;, in the empty-load mode but greater
than five times the value of fj in the full-load mode. The sec-
ond is to decrease the steady-state error of ug, which requires
that the magnitude of G, (s) at fy be greater than ten in the
full-load mode. The third is to ensure the stability of Goyter(s).

9931
A
KP_is :
S/RL pro e ——— L
------- . Value ranges of K, i and K j
207foCrd. — .. that satisfy three demands
T T N
VR L. XA~
@] = ¢ > K i
67 fo ! Ry, 107fo /Ry 40072 f2Cp -~
Kp 2 K 2
- = Demand la: . 5+ Zlfuz 3 <1
v (207 foCp)”~ (4007~ fy°CL)
A K 2 K 2
— L —Demand 1b: iy 3 Lu 5
(1/Ry )= (67fy/R)
A Kp 2 K 2
sreeebeee Demand 2 : ——FY B Lu 5 >1
A (5/Ry) 10z fy/ R)
""""" Demand 3: Kp >iK1 .
- 277,'f0 -
Fig. 12.  Value ranges of K p j5 and K 5 under the three demands.

These demands can be quantitatively described as

1

G“' s s=710w0 — Tam m 2~

Gous Ocstis = 5737770

VEpL10-2mf) + Kp,2 < 1 Demand 1a
Ry, 2 2

|G0ut (S)|s:]’5w0 = ﬂ\/([(lj_u3 . 27Tf0) + Kl_u

> 1 Demand 1b

Rp 2 2

|Gout (s)|5:jw0 = w_o\/(KP_u : 27Tf(]) + KI.u

> 10 Demand 2

180° + arg |Gout (8)]5— 10, ~ 180°+

Kp ,10-2
arctan P'—Ffo > 30° Demand 3

I.u
(22)

Based on (22), the functional image that is shown in Fig. 12
is used to describe the value ranges of Kp ;5 and K7 .

In Fig. 12, Kp j5 and K7 i, can attain the applicable values
to satisfy three demands. The design methods above allow the
system to simultaneously satisfy the demands of the transient re-
sponse, steady-state performance and stability under the effects
of the STD-AC.

V. EXPERIMENTAL RESULTS

The experiments in this study are performed using a single-
phase MMC platform with eight submodules, as shown in
Fig. 13.

The experimental platform operates in a passive mode to
avoid the impact of distortion in the power grid. The control
strategy, capacitor voltage balancing strategy, and switch gener-
ation method are implemented in the main control system with
DSP (TMS320F28335) and FPGA (EP3C5E14417). Dedicated
switch-drive lines and CAN-bus communication lines are used
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Fig. 13.  Experimental platform of the MMC system.
TABLE III
PARAMETERS USED IN THE MMC SYSTEM
Parameter Symbol Value  Parameter Symbol Value
Direct Uge 400 V STD-PWM TSTD-PWM 80 ps
Voltage
(Input)
Alternating Us 110V STD-AC TsTtD-AC 0.11 ms
Voltage
(Output,
RMS)
Alternating I 18.2 A Proportional Kp_, 0.3
Current Gain in
(Output, Gout(9)
RMS)
Active P 2 kW Integral K, 800/2000
Power Gain in
Go ut ( S )
Arm L 3.6 mH Proportional Kp ;s (Kp j,) 23
Inductor Gain in
Gin (5 )
Submodule C 2200 pF  Integral Ky is(K1i,) 2300/2000
Capacitor Gain in
Gin (5 )
Switching s 2 kHz Cut-off Jeout 300 Hz
Frequency Frequency in
Gout (5 )
Sampling fsa 6 kHz Phase Yout 87°
Frequency Margin in
Go ut (5 )
STD-DSP  TsTtp-psp 30 ps Cut-off fein 1 kHz
Frequency in
Gin (5 )
STD-COM Tstp-com Neglected Phase Yin 50°
Margin in
Gin(8)

between the main control system and submodules, where a DSP
(TMS320F2812) is used in the subcontrol system. The parame-
ters that were used in the MMC system are listed in Table III.

The amplitudes of the alternating voltage, arm current, and
circulating current in the control system are the same as in
the primary circuit when using an equal-amplitude sampling
algorithm in the DSP.

A. Comparison of the Alternating Voltage, Current, and
Circulating Current With Different Switching Frequencies

In this section, the system operates in the SRS mode, where
fs is equal to fs,. The f are set to 1, 2, and 5 kHz to change
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TABLE IV
CHANGED PARAMETERS OF THE MMC SYSTEM

Symbol Fig. 14(a) Fig. 14(b) Fig. 14(c) Fig. 16(a) Fig. 16(b)

fs (kHz) 1 2 5 2 2

fsa (kHZ) 1 2 5 2 2

Tstp -DSp 1 0.5 0.2 0.5 0.5

(ms)

TsTtp-PwM 0.5 0.25 0.1 0.25 0.25

(ms)

TSTD-AC 1.5 0.75 0.3 0.75 0.75

(ms)

Kpis(Kpiy,) 3.4 7.1 11 45 22

Kiis(K13,)  340/1000  710/2000 1100/5000 450/2000  220/2000

fein (Hz) 150 313 500 200 100

Yin (deg) 5 5 37 33 51
TABLE V

THDS OF THE ALTERNATING VOLTAGE AND CURRENT IN FIG. 14

fs (kHz) 1 2 5
THDsinus 13.0% 69% 03%
THDsini, 20.6% 13.9% 0.9%

the value of Tstp.ac. However, based on Fig. 6 and (14), the
system cannot be stable when f; is set to 1 kHz and 2 kHz
and the f,;, are set to 500 Hz. Significantly, the system cannot
operate in an unstable state because it can cause an overvoltage
and overcurrent that can damage the system. Therefore, the
fein decrease and the corresponding controller parameters are
changed to stabilize the system. In addition, the outer loop is
eliminated to avoid affecting the stability of the inner loop and
circulating current loop. The changed parameters in this section
are shown in Table IV.

Fig. 14 shows the waveforms of the alternating voltage us,
alternating current 74, and circulating current ¢, with differ-
ent switching frequencies f;. In Fig. 14(a), f; is set to 1 kHz
and Tstp.ac is 1.5 ms, causing ug and i to be highly dis-
torted because of the low phase margin (5°). Large steady-state
errors occur in iy because of the low f.;, and low magni-
tude of Gy, (s). Furthermore, ¢, fluctuates considerably and is
completely uncontrolled. In Fig. 14(b), f; is set to 2 kHz and
Tstp-ac equals 0.75 ms, causing us and 74 to be highly distorted
with i, also uncontrolled. In Fig. 14(c), f, is set to 5 kHz and
Tstp-ac equals 0.3 ms, which does not cause u; and 75 to be dis-
torted. Subsequently, ¢, fluctuates only slightly, with a dc bias
of 5 A, indicating that the circulating current is adequately sup-
pressed. However, the system has a higher frequency than that
of the original system design, and the switching losses increase
accordingly.

Furthermore, the total harmonic distortions (THDs) of u, and
15 in Fig. 14(a)—(c) are listed in Table V, and the correspond-
ing spectrums are shown in Fig. 15(a) and (b), respectively.
Significantly, the MMC system with lower switching frequency
and higher Tstp_ac has higher proportion of low frequency har-
monics and higher THD in the alternating voltage and current,
consequently is closer to an unstable state.
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Fig. 14.  Waveforms of the alternating voltage u, alternating current ¢ and
circulating current i, with different switching frequencies fs: a) 1 kHz, b) 2
kHz, and c) 5 kHz.

9933

>

}100%
N

—
S

SN B~ O

AC voltage harmonic (%)

1 2 3 4 5 6 7 8 9 10
Harmonic order (f/;)
(@
£100%
| L]

AC current harmonic (%)

1 2 3 4 5 6 7 8 9 10
Harmonic order (f/f)
(b)

Fig. 15.  Spectrums of the alternating voltage u, and current i; with different
switching frequencies fs: (a) us and (b) 7.

The experimental results verify the conclusions presented
above: The STD-AC can cause a considerable decrease in the
phase margin, making the MMC system unstable and distorting
the voltages and currents when f; decreases to a low value and
the corresponding Tsp_ac reaches a high value.

B. Comparison of the Alternating Voltage, Currents, and
Circulating Current With Different Cutoff Frequencies

In this section, the system operates at the switching frequency
fs of 2 kHz, and the corresponding Tsrp.ac is 0.75 ms. To
make i, greater than 30° which is the minimum requirement of
the phase margin for the system stability, the system decreases
the cutoff frequency f.;, from 313 Hz in Section A to 200
and 100 Hz. Therefore, the corresponding ~;,, reaches 33° and
51°, thus satisfying the phase margin demand. Furthermore,
the active power P changes from 1 to 2 kW to test the transient
response during the system operating. In addition, the outer loop
is eliminated to avoid affecting the inner loop and circulating
current loop. The changed parameters in this section are shown
in Table IV.

Fig. 16 and Table VI show the waveforms and corresponding
measurement results of the alternating voltage u,, alternating
current 7, and circulating current ¢, with different cutoff fre-
quency f.i,. In addition, amplitude error of 74 is defined as
the amplitude ratio between the steady-state error (is o — i)
and reference 5 .0, and fluctuation range of ¢, is defined as the
amplitude ratio between the steady-state error (I, ;. — ¢, ) and
reference I, f. In Fig. 16(a), f.i, is set to 200 Hz, ~;, is 33°,
and the corresponding THDs of u, and 75 are far smaller than
that in Fig. 14(b). Therefore, the alternating voltage and current
are not distorted and the system is stable. However, great ampli-
tude errors of 75 (14.9% at 1 kW and 4.6% at 2 kW in Table VII)
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Fig. 16.  Waveforms of the alternating voltage u, alternating current ¢4, and
circulating current ¢, with different cutoff frequencies f._i,: a) f._iyn is equal
to 200 Hz and b) f._;, is equal to 100 Hz.

TABLE VI
MEASUREMENT RESULTS OF THE ALTERNATING VOLTAGE, ALTERNATING
CURRENT, AND CIRCULATING CURRENT IN FIG. 16

fein, P Stability Steady-state

Performance

Transient Response

THD of THD of Amplitude Fluctuation Regulation Overshoot

us (%) is(%) Errorofis Rangeof Time (ms) (%)
(%) iz (%)
200 Hz, 0.2 5.6 14.9 34.2
1 kW 4 None
200 Hz, 0.2 2.4 4.6 16.9
2 kW
100 Hz, 0.4 12.5 51.3 83.3
1kW 6 3.3
100 Hz, 0.3 3.0 38.2 38.5

2 kW
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TABLE VII
MEASUREMENT RESULTS OF THE ALTERNATING VOLTAGE, ALTERNATING
CURRENT, AND CIRCULATING CURRENT IN FIG. 17

fein, P Stability Steady-State

Performance

Transient Response

THD of THD of Amplitude Fluctuation Regulation Overshoot

ug (%) is (%) Errorofis Rangeof Time (ms) (%)
(%) iz (%)
1 kHz, 0.2 49 2.3 8.4
1 kW 2 None
1 kHz, 0.2 2.4 0.7 4.9
2 kW
\/
Time:[10 ms/div]
® 0. Joons -
i,:[1 A/div]
<« py=1kW —>|<—P0=2 kW ——
Time:[10 ms/div]
@ 200v J(r0.0ms ]
Fig. 17. Waveforms of the alternating voltage u, alternating current 75, and

circulating current i, when cutoff frequencies f._;, equals 1 kHz and switching
frequencies f5 equals 2 kHz.

occur because of a low f.;, and corresponding low magnitude
of Giy (). Furthermore, i, fluctuates considerably at the same
time (34.2% at 1 kW and 16.9% at 2 kW in Table VII). Con-
sequently, the steady-state performance is poor when f,;, is
200 Hz. In Fig. 16(b), f; is set to 100 Hz, 73, is 51°, and the sys-
tem has a worse steady-state performance because steady-state
errors of i and fluctuation range of ¢, both increase based on
Table VII. The regulation time and overshoot of 74 in Fig. 16(b)
are greater than that in Fig. 16(a), indicating that the transient
response is more poor when f,. i, decreases.

The experimental results verify the conclusions presented
above: considering the effects of the STD-AC, the cutoff fre-
quency f. i, is forcibly decreased to make the phase margin ~;,
satisfy the demands of system stability. However, a low f.;,
and corresponding low magnitude of Gy, (s) lead to significant
steady-state errors in the alternating current, decrease the sup-
pression ability of the circulating current and give the system a
poor transient response when the load changes.

C. Effect of the Optimal Design Method

The parameters used in this section are the same as in Table II.
Fig. 17 and Table VII show the waveforms and corresponding
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measurement results of the alternating voltage u,, alternating
current ¢, and circulating current ¢, when the controller param-
eters are optimally designed based on the method presented in
Section I'V.

InFig. 17 and Table VII, the MMC system is stable because u
and 7, have limited distortions with small THDs. Furthermore,
the system has a perfect steady-state performance and high-
speed transient response because the corresponding steady-state
errors, fluctuation ranges, regulation time, and overshoot in
Table VII are considerably smaller than that in Table VI be-
fore the optimal design.

These experimental results verify that the optimal design in
the controller parameters can effectively mitigate the deteriora-
tions caused by the STD and provide effectively optimization
for the performance of MMC systems.

VI. CONCLUSION

Three conclusions can be drawn from the results of this study.

1) STD can lead to a large phase decrease in the inner loop
of the MMC system, considerably reducing the system
stability.

2) Considering the STD effects, the cutoff frequency is
forcibly decreased to make the phase margin satisfy the
demands of system stability. However, a low cutoff fre-
quency can give the system a poor transient response and
steady-state performance, lead to a large steady-state er-
ror in the alternating current and decrease the suppression
ability of the circulating current.

3) The experimental results confirm the presence of the de-
teriorations caused by the STD and demonstrate that the
proposed optimal design methods can effectively mitigate
these deteriorations, thus effectively optimizing the per-
formance of an MMC system.
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